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ABSTRACT 
Nitrate from agricultural fields in the tile-drained upper Midwest is one of the primary 
causes of the hypoxic zone that forms each summer in the Gulf of Mexico. Drainage water 
management (DWM) is a potential edge-of-field technique that is being studied as a method to 
improve soil water management in agricultural fields, which would reduce nitrate losses to 
surface waters during the non-growing season. Agri Drain tile control structures and monitoring 
wells were installed on a 34 ha private farm located in the Upper Salt Fork River Watershed in 
central Illinois to evaluate DWM from 2011 to 2013. The overall objective was to determine the 
fate of water and nitrate that were held back in the field when DWM was applied. A paired 
watershed approach was used to compare the efficiency of DWM versus a conventional or free 
drainage (FD) tile system. The field was under a corn (Zea mays L.) and soybean (Glycine max 
L.) rotation with continuous no-till (27 years). In 2010 and 2012 corn was fertilized at 180 kg N 
ha
-1
 of urea-ammonium nitrate (UAN 28%). Soybean was planted in 2011 and 2013.  
During 2011 and 2012, DWM was able to greatly reduce tile flow compared to the FD 
tile system. However, based on runoff and nitrate yields from the entire field, there was no 
measureable reduction in nitrate loss and shallow ground-water wells showed little area of 
influence in the field. The held back water from the DWM tile flowed laterally to the nearby FD 
tile, increasing flow and nitrate loss from that tile. In 2013, when both tiles were under DWM, 
water was retained and the water table level was increased in a larger area of the field. However, 
at the end of the experiment when the control boards were lowered in the Agri Drain structure, 
the retained water was discharged through the tile lines with little apparent reduction in overall 
water and nitrate loss for the year. Measurements of tile and well nitrate concentrations 
suggested that nitrate was not denitrified in the shallow groundwater of the field at any time 
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during the three-year study. Nitrate losses were directly proportional to tile flow each year of the 
study. Retrofitting DWM on an existing tile system was not found to have a water quality 
benefit. 
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INTRODUCTION 
Nitrogen (N) is one of the most important elements on Earth, and it is the most abundant 
element in the atmosphere in the form of dinitrogen gas (N2) (Galloway et al., 2003), which is 
also the largest N pool at 3.9 x 10
21
 g N (Schlesinger, 1997). Nitrogen is also present in organic 
forms (plants, animals, microbes, and soil organic matter), ammonium, and nitrate (Sylvia et al., 
2005). However, despite the atmospheric abundance of N, it is not available for plant uptake 
directly from the atmosphere. Before N can become available to plants, it has to be fixed by the 
action of microorganisms in association with plant roots. However, this process is limited to only 
a few plant species in most agricultural systems, so that inorganic N fertilizer must be added to 
most crops to maximize production. Even though there are large pools of organic N in soil 
organic matter, only 1.5 to 3.5% mineralizes annually, which is not enough for modern crop 
production (Brady and Weil, 2010). 
The inherent fertility of soils is one of the most important characteristics of a field for 
agricultural production. An example of this is the US Corn Belt, which has some of the most 
productive soils in the world due to the loess parent material and the establishment of prairie 
vegetation after the melting of the glaciers thousands of years ago. The temperate weather and 
the flat topography allowed the prairie plants to accumulate dense layers of roots and plant 
biomass below-ground and increased soil organic matter. At the same time, prairie plants 
improved the soil aggregation and the water holding capacity, and developed soils with a large 
cation exchange capacity (Brady and Weil, 2010). The natural soil fertility of the US Midwest 
has been the basis for modern production agriculture with two main additions: tile drainage and 
the adoption of synthetic inorganic fertilizers. Tile drainage was not used by the first settlers that 
arrived in the US Midwest, however, they saw the natural soil fertility of the land that was 
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forested and used it for agricultural and animal production. The soils developed under prairie 
vegetation were more poorly drained with a water table near or above the soil surface well into 
the summer, and were difficult to plow. By the 1850s, however, farmers were creating artificial 
ditches and by the 1870s they begun to install subsurface tiles at 1-1.5 m in depth made from 
clay that were used to drain the water from the land (Kalita et al., 2007). The use of tile drainage 
by farmers was widely accepted because it lowered the water table level and improved the soil 
water content; thus allowing farmers in the second half of the 1800s to produce crops on 
productive prairie soils where previously it was not possible. With the introduction of plastic 
drain pipes in the 1960s the drainage area again increased (Kalita et al., 2007), having as a main 
effect the changes in the hydrological patterns and the nutrient export at the regional level 
(Gilliam and Skaggs, 1986; Raymond et al., 2012).  
In Illinois, about 4 million ha of the central and northern cropland areas have subsurface 
drainage (Kalita et al., 2007; David et al., 2010). At the same time, with the increase in the 
drained area and the use of synthetic fertilizers since 1960, there has been a surplus of N added 
to agricultural land (David et al., 2001). Nitrogen fertilizer applied to tile-drained corn/soybean 
systems is an environmental concern due to the rapid transport of nitrate to tile lines (David et 
al., 2010). It is well known now that tile drainage leads to large losses of nitrate from fields, 
typically 20 to 30 kg N ha
-1
 yr
-1
 (David et al., 1997, 2010; Royer et al., 2006; Gentry et al., 
2009). Raymond et al. (2012) estimated that 35% of annual N fertilizer that is applied to the soil 
is exported through the Mississippi River basin to the Gulf of Mexico. 
Intensive agricultural areas combined with tile drainage systems have been targeted as the 
main source of nutrient loads to riverine systems. David et al. (2010) found a correlation between 
N load and the highly productive tile-drained areas of the US Corn Belt that included Minnesota, 
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Iowa, Illinois, Indiana, and Ohio. These states have annual nitrate yields of about 15 to 31 kg N 
ha
-1
 yr
-1
 (Goolsby et al., 2001). Other studies have found that stream nitrate loading is 
proportional to the tile drainage outflow (Adeuya et al., 2012), which is controlled by 
precipitation patterns (Gilliam et al., 1979; Royer et al., 2006; Cuadra and Vidon, 2011; Drury et 
al., 2009; Raymond et al., 2012). In tile-drained fields, surface runoff does not occur that often 
and most of the water and nitrate leaves the soil through tile drainage (David et al., 1997; Kalita 
et al., 2007). Most of the total N load transported through tile systems to streams is found in the 
form of nitrate, especially during the high flows during the winter and late spring seasons (Royer 
et al., 2004, 2006; David et al., 2010). During the summer season, the tiles stop flowing, and 
therefore, the artificial ditches and local streams have minimal flows and low N concentrations 
and loads. Some of the nitrate that is in the streams during the summer is removed by 
denitrification (Royer et al., 2004). However, it is during the winter-spring when stream nitrate 
loads become the major contributing factor of the hypoxic zone in the Gulf of Mexico (Rabalais 
et al., 2002; Royer et al., 2006). This is due to the large amount of nutrients that are available for 
the growth of algae in the near coastal areas of the Gulf of Mexico during the late spring and 
early summer. When the algae die, decomposition depletes the oxygen levels in the water 
column and creates the hypoxic zone (Rabalais et al., 2002). 
In order to address this problem, the US has as a goal to reduce the nitrate load in the 
Mississippi River by 45% (USEPA, 2013) (Fig. 1). The Mississippi River/Gulf of Mexico 
Watershed Nutrient Task Force (2008) oversees the voluntary action plan that would reduce the 
hypoxic zone to an area less than 5000 km
2
 each summer by 2015. The task force has the 
mission to implement and promote conservation practices in agricultural areas to reduce the 
nutrient loading to the Gulf of Mexico. In concordance to the goals targeted by the Task Force, 
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the USDA Cooperative State Research, Education, and Extension Service (CSREES) funded a 
project in 2009 on the Upper Salt Fork River, Illinois. The study was focused on monitoring the 
water quality and to evaluate end of tile water conservation practices in order to reduce nitrate 
losses from the watershed (saltfork.nres.illinois.edu). One end-of-tile technique that was studied 
is the application of drainage water management (DWM), also known as controlled drainage. 
The DWM technique can be used to minimize tile drainage outflow and the corresponding load 
of nitrate during the non-growing season, and to increase the water table level during the summer 
to increase crop yields during dry years (Gilliam and Skaggs, 1986; Skaggs et al., 2012).  
 
 
Figure 1 Area of the hypoxic zone in the Gulf of Mexico (USEPA, 2013) 
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LITERATURE REVIEW 
The application of Drainage Water Management (DWM) is based on the need to improve 
the quality of the water that exits agricultural tile drains and to enhance the soil properties for 
crop production (Strock et al., 2010). For these reasons, DWM is thought to be an effective 
method to reduce tile drainage outflow and nitrate losses from agricultural fields and at the same 
time help to conserve the soil fertility, compared with conventional free drainage (Lalonde et al., 
1996; Skaggs et al., 2012). It was first established in the coastal plains of North Carolina by 
Gilliam et al. (1979), who hypothesized that nitrate concentrations would be reduced via 
denitrification due to the increase in water table level and the creation of anaerobic conditions in 
the field. Evans et al. (1995) reported DWM reduce N load by 30% compared to Free Drainage 
fields. Since then, many studies have now been published that have compared DWM and FD 
systems across the upper US Midwest, as well as in Ontario Canada; the results from these 
studies showed a wide reduction in the amount of drainage water and nitrate losses. Skaggs et al. 
(2012) summarized 13 studies in which DWM had been applied. This summary covered more 
than 30 years of research in which these studies had been conducted under different drainage 
areas and drain spacing designs, soil types, agronomic management, crops, and seasons. Across 
the 13 studies, annual drain flow reduction ranged between 16-89% and nitrate load reduction by 
18-82%, demonstrating the wide range of results recorded. However, most of the fields evaluated 
for DWM that were summarized by Skaggs et al. (2012) were quite small, mostly < 1 ha in size. 
Researchers that study the efficiency of DWM compared with conventional drainage 
systems usually follow the paired watershed approach. This design consists in the study of two or 
more watersheds (fields) under similar weather conditions, soils, and management practices in 
order to observe the relationship between both areas when a treatment is applied.  
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Adeuya et al. (2012) applied a paired watershed approach to compare the nitrate loading 
and tile outflow reduction from two farms located in Indiana with areas of 3 to 9 ha. In one of the 
sites, the DWM and FD sites were established in the same field without any boundary. At the 
second site, the DWM and FD field were separated by an artificial surface ditch. During the 
study, the outlet level was raised and lowered to increase or decrease the water table level in the 
field. During late spring the outlet level was usually lowered to plant the field, and before 
harvesting the outlet level was raised during the summer and non-growing season to retain water 
in the field. 
Adeuya et al. (2012) found that DWM was able to reduce outflow by 6% during the 
growing season and 10% during the non-growing season. During some time periods when the 
DWM outlet level was raised and no drain flow was observed, the reduction accounted for 
100%. However, at one of the sites during periods of high flow the DWM field was not able to 
reduce the outflow, and therefore, both fields were considered to be working as a FD system. 
These results agree with those reported by Evans et al. (1995) who discussed that during lower 
tile flow periods DWM can reduce outflow almost completely. However, during wet seasons 
DWM might not be able to hold the water in the field and could possibly increase the peak flow 
during large precipitation events. In terms of the overall nitrate load, DWM reduced nitrate 
loading 18-23% compared to the FD fields during the study periods, or 6.2 to 14.4 kg N ha
-1
 yr
-1
 
(Adeuya et al., 2012). Similar results were observed by Jaynes (2012), who studied the effect of 
DWM on yield and nitrate loss reduction on a 22 ha field located in central Iowa during four 
years. He observed an average tile flow reduction of 21% from DWM compared to FD. The 
nitrate reduction due to DWM was 29%, with 34.9 and 23.9 kg N ha
-1
 yr
-1
 average nitrate losses 
from FD and DWM, respectively; which is a difference of 11 kg N ha
-1
 yr
-1
. However, in both 
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Adeuya et al. (2012) and Jaynes (2012) the nitrate concentrations in the water that was retained 
by the application of DWM were not reduced after the outlet level was lowered and the water 
was released.  
In Canada, Lalonde et al. (1996) studied the effectiveness of DWM versus FD managed 
fields during two years in order to determine the water quality improvement. The study was 
conducted using small fields (0.63 ha), with similar subsurface drain depth and spacing as in 
other studies. The authors found a two year average outflow reduction ranging from 49 to 80% 
when compared with the FD field. The two year average nitrate concentration reduction ranged 
from 69 to 82% compared with a FD field during the study period. These results suggested that 
the nitrate loading reduction was driven by the outflow reduction.  
Several studies have evaluated the effect of DWM on maintaining the water table in the 
summer to improve crop growth, which would be a selling point to farmers. Lalonde et al. (1996) 
pointed out that during the summer season the application of the DWM technique represents a 
challenge to keep the water table high enough for a crop benefit, due to high evapotranspiration 
and low precipitation rates. Similar results were observed by Delbecq et al. (2012) who found 
that the timing of raising or lowering the outlet level has an important part of the application of 
DWM during the growing season. They explained that the flashboards have to be raised before 
summer, so that the soils will be able to retain the water for plant uptake purposes during dry 
periods. For these reasons, some researchers have chosen to combine the use of DWM with 
subirrigation systems to maintain a stable water table throughout their study or during the 
growing seasons, otherwise farmers will not be able to hold water in the soil during the growing 
season (Tan et al., 2002; Drury et al, 2009; Bonaiti and Borin, 2010). 
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In a study conducted in southeastern Iowa from 2007 to 2010, Helmers et al. (2012) 
determined the effectiveness of DWM compared to FD management on 1.2 to 2.4 ha fields. They 
found that DWM reduced tile outflow by 37% and annual nitrate yield loss of 36%. Nitrate 
losses were 35 kg N ha
-1
 yr
-1
 during the four year period for the FD management, compared to 21 
kg N ha
-1
 yr
-1
 for the DWM. The nitrate concentrations from DWM and FD fields were not 
significantly different during the study period. However, the nitrate flow weighted mean was 
lower in the DWM compared to the FD field (Helmers et al., 2012). Similar results were reported 
in Canada by Drury et al. (2009) in which nitrate reductions ranged between 31 to 44%, with a 
mean nitrate yield of 8.0 kg ha
-1
 during the four year study period on 0.1 ha fields. The four year 
average tile flow reduction was 29%. This tile flow reduction was relatively lower than the 37% 
reported by Helmers et al. (2012), but it was due to the installation of the lateral drains at a 
shallower depth which carried less water. Also in this study, plastic sheets were used to prevent 
lateral seepage from one plot to another. This type of control in the experiment is helpful to 
establish a better estimation of the water balance on the field. However, it does not reflect the 
natural performance of groundwater during common agricultural practices and weather 
conditions. Both Helmers et al. (2012) and Drury et al. (2009) agree that the nitrate load 
reduction was due to the outflow reduction, but neither study determined the fate of the held 
back water and nitrate. 
A few studies on DWM have been completed in Illinois. The first study was conducted 
by Woli et al. (2010) who compared a DWM and FD paired fields (11-13 ha) during a 3-yr 
period in east-central Illinois. In this study the mean outflow reduction was 74% by the DWM 
field compared to the FD. The FD field had a nitrate loss 57.2 kg N ha
-1
 during the 3 year period 
compared to 17 kg N ha
-1
 in the DWM field, for an average N loss reduction of 70%. However, 
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even with this large N reduction rate, the soil samples that were collected to measure 
denitrification did not show any significant difference between the DWM and FD field.  
Another study conducted to test the efficiency of DWM across Illinois is the one from 
Cooke and Verma (2012). They established four paired fields in two regions: three of the study 
sites were located in central Illinois and one site was in southern Illinois. The goal of this study 
was to test the response of DWM under different precipitation rates, soil, and topographic 
conditions to compare the tile outflow and nutrient load reductions from each site. Fields ranged 
in size from 5.7 to 16.2 ha, some of the largest reported for DWM studies. The results showed 
that the outflow reduction ranged from 35 to 96% for the fields under DWM compared to the FD 
fields. However, in some of the DWM fields, they found fluctuations in the water table level that 
were not related with the subsurface drainage outflow. In those cases leakage and lateral seepage 
were considered as the possible pathways that could be used to explain the missing water from 
the water balance. Similar results were reported by Woli et al. (2010) where lateral seepage 
toward the ditch was consider as the possible path followed by the water when the outlet were 
blocked and the water was retained. When the nitrate load reduction was compared from the FD 
and DWM fields by Cooke and Verma (2012), the nitrate load reductions ranged from 37 to 
79%. These results agree with other studies where the nitrate load reductions were proportional 
to tile flow reductions with only a small reduction likely by denitrification processes within the 
field (Gilliam et al., 1979; Smith and Kellman, 2011; Mejia and Madramootoo, 1996; Skaggs et 
al., 2012). However, due to the missing water, it was difficult to determine the amount of nitrate 
lost via lateral or vertical seepage, or any other preferential flow pathway. 
Other researchers suggest that when the water table level increases and the water is held 
back to the field, lateral seepage, deep percolation, and groundwater mixing are the main result 
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of the water table fluctuation (Wesström et al., 2003; Cooke and Verma, 2012; Skaggs et al., 
2010). Some models estimate that by the use of DWM, lateral seepage increases by 15 to 17% 
(Wesström et al., 2001; Thorp et al., 2008). Helmers et al. (2012) found that the water table 
increased rapidly after a rain event, but the water table level in DWM fields decreased after two 
days, instead of being retained in the soil. This particular observation generates the question of 
where is the water going? In some studies the use of plastic barriers and drain buffer areas were 
used to reduce the influence of lateral seepage water (Wesström et al., 2001). However, these 
methodologies do not simulate the application of DWM under typical fields, and the reductions 
reported in the literature could be overestimated. 
Long-term model simulations have been used to include a wide range of conditions in 
which DWM could be applied and to determine how efficient the nitrate reduction would be. Ma 
et al. (2007) used the Root Zone Water Quality Model (RZWQM) model and found that drain 
flow could be reduced by 30%, and nitrate loss to the tile line by 29%. However, they also found 
that lateral flow increase by 17% under DWM. By simulating the entire Midwestern US results 
obtained by Thorp et al. (2008) using a RZWQM-DSSAT hybrid model suggested that DWM 
could reduce drain outflow by about 53% and nitrate by 51% on average across the region. The 
authors also considered the loss of water through other pathways and concluded that when DWM 
was considered with all other flow paths for N that might be affected by DWM (surface runoff, 
seepage, and subsurface drainage) adoption across the Midwestern US would more 
conservatively reduce nitrate losses by about 31%. Ale et al. (2009) used DRAINMOD to 
simulate DWM on fields in Indiana and found that on average drain flows were reduced by 60%. 
However, their simulations also showed large increases in seepage and surface runoff, which 
would reduce the effectiveness of DWM. 
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As discussed above, several field and modeling studies have been conducted to evaluate 
the performance of DWM versus conventional drainage systems. Most of the studies found that 
DWM had reduced tile flow and nitrate loss from the field. However, important questions still 
remain; for example, where does the water go when DWM is applied? Or, is denitrification 
occurring during winter/spring season? Therefore, in order to answer those questions, DWM was 
compared to a conventional FD management system. In Illinois, the outlet level of the DWM 
field was raised during the winter-spring and the FD was open during the study. The hypothesis 
evaluated was that by reducing the tile outflow and increasing the water table level in the DWM 
field, anaerobic conditions will be created which would reduce the nitrate concentration via 
denitrification, compared with the FD field. An alternative hypothesis to be tested was when 
DWM is applied, lateral seepage occurs, with denitrification possible along these subsurface 
flow paths.  
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OBJECTIVES 
The general objectives of this study were to determine the effectiveness of drainage water 
management (DWM) compared to free drainage (FD) in reducing nitrate losses from fields in 
corn and soybean in east-central Illinois, as well as to determine the fate of the held back water 
and nitrate. In addition, tile flow and nitrate losses were used to examine how DWM might be 
used to reduce nitrate loads in the Upper Salt Fork watershed. 
Specific objectives were to:  
1. Measure nitrate concentrations and loads in the Upper Salt Fork watershed to understand 
overall nitrate losses.  
2. Assess the effectiveness of DWM in reducing nitrate losses to the streams. 
3. Determine the fate of the water and nitrate that was held back when the DWM technique 
was applied by measuring water table heights and nitrate concentrations in shallow 
groundwater.  
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MATERIALS AND METHODS 
Overall Study Design and Upper Salt Fork Watershed 
The study was conducted during the winter-spring seasons of 2011, 2012, and 2013, the 
period when most of the tile flow and nitrate load occurs (Royer et al., 2006; Adeuya et al., 
2012). A paired watershed or field approach was utilized, where two fields with the same soils, 
cropping system, and overall long-term management were compared to each other. One field has 
Drainage Water Management and one with Free Drainage. DWM was compared to a 
conventional FD management system to determine the variation in tile flow discharge, water 
table level, and nitrate loads and concentrations. The water quality and other results obtained 
were compared to values in the overall Upper Salt Fork Watershed. 
The research field was located in the Upper Salt Fork River Watershed in east-central 
Illinois (Fig. 2), which drains an area of 34,706 ha at the USGS gage outlet station (03336900) 
near St. Joseph, Illinois. The watershed is nearly all in agricultural production, with Rantoul the 
largest town with a population of 12,940. The small towns of Royal and Gifford are located in 
the watershed with populations of 294 and 980, respectively. These towns discharge their treated 
wastewater to the river, contributing a small nutrient load throughout the year. 
The topography of the watershed is determined by the moraines that were left as result of 
the last glaciation that ended about 10,000 years ago. The watershed is mostly flat (<1% slopes), 
with some steeper slopes on a moraine that rises in the northeastern corner of the watershed. The 
soils were formed from loess that was deposited over glacial till. Prairie vegetation was the 
native flora of the area and when combined with high water tables led to large pools of soil 
organic matter with high fertility that has been exploited for agricultural production during the 
last 150 year. 
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Figure 2. Maps showing location of the Upper Salt Fork River watershed (yellow) and Lower Salt Fork River watershed (green), in 
Illinois and of the stream network in the watershed. 
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Field Description 
The study was conducted on a 34 ha private farm, located in the Spoon River 
subwatershed of the larger Upper Salt Fork watershed. The soils map from the study site was 
obtained from the USDA Natural Resources and Conservation Service with the use of Web Soil 
Survey tool (WSS) (2013). The soils map includes both the study fields as well as the 
surrounding area because the soil hydric conditions tend to be interconnected (Fig. 3). For the 
purpose of this study it was important to understand possible groundwater flow paths within the 
field and with the adjacent fields, and the soils map helped to do that. The predominant soils 
were Drummer, covering 64% of the area, along with Flanagan and Raub, with 11% and 12% 
(Table 1). These soils are characterized as being poorly drained and are typical of the productive, 
tile drained Mollisols of east-central Illinois. During the installation of the monitoring wells fine 
and very fine silty soil textures were observed; mottles and iron reducing conditions that are 
typically of soils formed under water saturated conditions were also noted. Moderately well 
drained soils were observed along the west edge of the field at higher topographic elevations 
(56B) and also in areas near the main tiles (171B and 663B). 
The site has a flat topography, with most slopes less than 2% in the tile-drained eastern 
part of the fields, with stepper slopes along the west side. However, when observing the field 
topography from the South Tile (ST) to North Tile (NT), there was a depression between the two 
tile drainage systems, which can lead to the accumulation of water at the edge of the field along 
the road. The ST outlet is 30 cm higher in elevation than the NT.  
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Figure 3. Soil taxonomy classification by map unit of the study site. 
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Table 1. Soil taxonomy classification and drainage class by map unit of the study site. 
 
Map unit 
symbol 
Series Soil Taxonomy Classification Drainage class  Area 
(%) 
56 B Dana silt loam Fine-silty, mixed, superactive, mesic Oxyaquic Argiudolls Moderately well drained 1.9 
67A Harpster silty clay loam Fine-silty, mixed, superactive, mesic Typic Calciaquolls Poorly drained 1.8 
134B Camden silt loam Fine-silty, mixed, superactive, mesic Typic Hapludalfs Well drained 0.4 
152A Drummer silty clay loam Fine-silty, mixed, superactive, mesic Typic Endoaquolls Poorly drained 61.6 
154A Flanagan silt loam Fine, smectitic, mesic Aquic Argiudolls Somewhat poorly drained 11.0 
171B Catlin silt loam Fine-silty, mixed, superactive, mesic Oxyaquic Argiudolls Moderately well drained 0.3 
198A Elburn silt loam Fine-silty, mixed, superactive, mesic Aquic Argiudolls Somewhat poorly drained 0.3 
234A Sunbury silt loam Fine, smectitic, mesic Aquollic Hapludalfs Somewhat poorly drained 4.1 
330A Peotone silty clay loam Fine, smectitic, mesic Cumulic Vertic Endoaquolls Very poorly drained 2.3 
481A Raub silt loam Fine-silty, mixed, superactive, mesic Aquic Argiudolls Somewhat poorly drained 12.7 
663B Claire silt loam Fine-silty, mixed, superactive, mesic Oxyaquic Argiudolls Moderately well drained 1.4 
3107A  Sawmill silty clay loam Fine-silty, mixed, superactive, mesic Cumulic Endoaquolls Poorly drained 2.1 
Total area   100.0 
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 Daily precipitation data were obtained from the National Oceanic and Atmospheric 
Administration (NOAA) weather station located in the town of St. Joseph (GHCND: 
US1ILCP0091) located about 5 km from the study site. Daily precipitation data was obtained 
from 2008 to 2013.  
Site Cultural Management 
 
A corn and soybean rotation has been cultivated under continuous no-till farming for the 
past 27 years. During the three-year study period, drain tile water samples were collected during 
winter-spring period. Corn was grown in 2010 and 2012, while soybean was grown in 2011 and 
2013. During corn, diammonium phosphate (DAP 18-46-0) was applied during winter of 2010 
and 2012 at a rate of 224 kg ha
-1
, which added 40 kg N ha
-1
. In addition, starter fertilizer was 
applied in the form of liquid ammonium phosphate (10-34-0) at a rate of 11 kg N ha
-1
. Then after 
preparing the land for seeding in early spring, a side-dress fertilizer solution was applied on April 
16
th
, 2010 and May 15
th
, 2012 in the form of anhydrous ammonia (NH3) at a rate of 180 kg N ha
-
1
. In total 230 kg N ha
-1 
were applied when corn was grown. In 2011 and 2013 when soybean 
was planted, no N fertilizer was added.  
Drainage Design 
The 34 ha field was divided into two independent subsurface tile drainage systems: South 
Tile and the North Tile systems, with areas of 10.9 ha and 23.1ha, respectively. The field has a 
parallel subsurface tile drainage design previously established by the owner (Fig. 4). The 
subsurface tiles are made of corrugated HDPE that have slits to allow the soil water to move into 
them and then direct the water to the main tile line. The lateral tiles were 15.2 cm in diameter 
and were installed approximately at 1 m depth and 15 m apart. The length of the tiles varied 
depending of the topography and the land drainage requirement. Each of the lateral tiles were 
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connected to a tile main 18 cm in diameter that drained to an Agri Drain structure that was used 
to monitor the outflow and water table level from each field. The rectangular Agri Drain 
structures were 1.5 m in height with crest widths of 36.3 and 46.5 cm for the NT and ST 
structures, respectively. The adjustable flashboards were used to increase and decrease the water 
level in the structures.  
During the three-year study period of the DWM, drain tile water samples were collected 
during winter-spring period. In 2011, DWM was applied for 57 days on the ST while the NT was 
managed as FD. Because this was the first time that DWM was applied, several outlets levels 
were set in order to establish a constant water table level and to compare the flow with the FD 
tile system. In 2012, DWM was applied on the NT during 70 days, and the ST was managed as 
FD. The objective was to compare the performance of both fields when DWM and FD were 
applied. Finally, in 2013 both tile drainage systems were managed at the same water table level 
for 76 days. The outlet levels were raised and lowered at the same time to compare the water 
table levels and water quality from each field. This last experiment allowed us to apply DWM on 
a larger scale, similar to what a farmer would do on his own field. The outlet level summary is 
shown in Table 2, which lists the dates when the study was conducted and the heights of the 
outlets during the three years of study. The difference in the duration of the study periods was 
due to agronomic practices, climate, and time. 
A tile drained field in a nearly farm with an area of 6.9 ha located in the same watershed 
was used to estimate tile flow from ST and NT during the application of DWM on the study site. 
This tile was called Tile A, and it was also under corn-soybean rotation, with the same weather 
conditions and crop rotations. The daily tile flow obtained from Tile A was used to regress daily 
tile flow from the NT and ST for 2012 and 2013. The equation obtained from the regression of 
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measured flow in the NT and ST versus Tile A (individually), explained about 80% of the daily 
flow for the NT and ST. 
 
 
Table 2. Management of the outlet structures during the 3-year study, showing the height of the 
v-notch top riser relative to the base of the Agri Drain structure and the tile line. 
 
 
 
 
 
 
 
North Tile  South Tile 
Date Height  Date Height 
 (cm)   (cm) 
Dec. 29, 2010 17  Dec. 29, 2010 36 
Dec. 31, 2010 30    
   Feb. 21, 2011 79 
   Feb. 22, 2011 96 
Mar. 2, 2011 43  Mar. 2, 2011 93 
   Apr. 18, 2011 32 
Jan. 26, 2012 110  Jan. 1, 2012 32 
Apr. 5, 2012 32    
Feb. 1, 2013 75  Feb. 1, 2013 75 
Feb. 7, 2013 106  Feb. 7, 2013 106 
Feb. 12, 2013 75  Feb. 12, 2013 75 
Mar. 14, 2013 32  Mar. 14, 2013 32 
Mar. 21, 2013 75  Mar. 21, 2013 75 
Apr. 17, 2013 32  Apr. 17, 2013 32 
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a)
 
b)
 
Figure 4. a) Tile drainage design for ST (red) and NT (white). b) Diagram of the outlet under 
drainage water management and free drainage. 
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Monitoring Well Design 
Monitoring wells were used to observe the influence of DWM on the water table level 
and nitrate concentrations. The wells were monitored weekly during the study periods of 2012 
and 2013 (Fig. 5). The wells were set in a diamond design along the field at 0, 60, and 120 m 
from the outlets. In 2012, the first year that wells were used, the spacing among wells was wider 
along the field to determine the area of influence that DWM had on the water table. However, for 
2013 the well locations were changed due to observations made during the first year of the study 
in which new research questions were developed. For example, there are two county roads that 
are along the east and south sides of the farm (Fig. 5). Wells were installed at the edge of the 
field where the Agri Drain structures were and on the other side of the road to determine if there 
were any lateral seepage from the treated field to the neighbor’s farm.  
The wells were made from PVC pipe 5.1 cm in diameter and 1.5 m in length, with slot 
screens up to 10 cm below soil surface and open bottoms to allow the water to flow into the 
wells. At the soil surface the wells were sealed with a mixture of bentonite and sand, to avoid the 
entrance of surface runoff water down into the well. A total of 22 and 24 shallow wells were 
installed in both fields in 2012 and 2013, respectively. Also, in 2012 and 2013 two pairs of 3 m 
depth wells were installed in each field to observe the influence of DWM on the water level and 
nitrate concentrations bellow the subsurface tile drainage pipes and compared to the shallow 
wells. 
The well water table levels were manually measured from the top of the wells each week 
during the study period with the use of a Solints® water level meter. Also, Motorola pressure 
transducer sensors (model MPX5010DP) were installed in three of the wells in 2012 and in six 
wells in 2013, as well as in each of the Agri Drain structures. The pressure transducers were 
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Figure 5. Well and tile outlet locations during 2012 and 2013.
2012 wells 
2013 wells 
Outlets 
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attached to data loggers that read and stored the mv data at 30 minutes intervals. A laptop 
computer was used to download the data once a month. To determine the water table level from 
the fields, the manual measurements from the outlets and wells were used to calibrate the mv 
values given by the pressure transducers. The well water table levels were related to the outlet 
water levels by surveying the field and each of the wells. The wells were removed in late April 
after each study period to allow the farm operator to prepare the land for planting. 
Both outlets and wells were topographically surveyed to identify the highest and lowest 
elevation points on the field. The survey was conducted with a rotary laser level tripod and a 
Garmin
© 
GPS. The top of the Agri Drain structures were used as the benchmark to set the wells 
on the same topographic level. This method allows determination of the water table level of each 
well in relation to the Agri Drain water level. At the same time it helps to determine the flow 
path that the groundwater follows and the area of influence in the field when DWM was applied.  
Flow Measurements 
Daily discharge for the Salt Fork River was obtained from the USGS gage station 
(05120109) located at the Salt Fork River near Saint Joseph, IL, (Latitude 40
°08’58”, Longitude 
88
°02’03” NAD83 system). In order to estimate the flow discharge from each field, a 60° V-
notch board was installed and used as a reference point to measure the water table level in both 
Agri Drain structures. Manual water level measurements were done once or twice a week, 
depending of precipitation events and flow discharge. Both structures were equipped with 
pressure transducers and data loggers to continuously record the water level behind the v-notch. 
The manual water table measurements were taken from the bottom of the V–notch during flow 
and no flow events. These was done to calibrate the V notch discharge equation for Agri Drain 
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structures developed in laboratory conditions by Dr. Richard Cooke in the Soil and Water 
Resources Engineering Laboratory at the University of Illinois: 
                          [1] 
  However, the V notch equation has the disadvantage that under high flow events and 
submerged conditions when the water table exceeds the height of the V notch, 17.78 cm, the 
discharge estimation is not accurate and the flow can be underestimated. Therefore, Sharp-crest 
flow discharge equations for Agri Drain structures proposed by Chun and Cooke (2008) were 
applied to estimate the discharge above the top board crest:  
       (       )                    [2] 
                              [3] 
Where Q is discharge (L s
-1
), L is the width of the weir (cm) and H is the water level 
above the crest or weir (cm). The advantage of using both equations is that they can be adjusted 
for the specific conditions of each outlet. During the study, the outlets were set at different 
depths depending on the water table management used for each tile drainage system. For 
example, in 2012 the outlet level was set at 0.387 m and 1.181 m depth from the soil surface, for 
the FD and DWM, respectively. For the FD outlet, which was set at a lower level, both equations 
were used to estimate the discharge. The DWM outlet only needed the V notch equation.
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Water Quality Measurements 
Water samples from the Upper Salt Fork River were regularly collected weekly and 
during high peak flow events from 2008 to 2013. During the summer under low flow conditions 
water samples were collected every two weeks. River water samples were collected in 500 ml 
non-acid washed plastic bottles after using a bucket to obtain a thalweg sample approximately 
0.5 m beneath the surface from the center of the bridge at the USGS gage station near Saint 
Joseph, IL. The date and time were recorded with the samples stored in a cooler for transport to 
the laboratory. Tile water samples were collected from the fall of 2010 through the fall of 2013. 
Water samples were collected weekly to biweekly during base flow conditions. During high 
discharge periods following precipitation events samples were collected at least daily; a few high 
flow events were sampled several times a day. Tile water samples were collected in 500 ml non-
acid wash plastic bottles. Well water samples were also collected weekly during the study period, 
usually the same day as the tiles water samples. In order to collect the well water samples, most 
of the standing water in each well was pumped out and discarded. This was done to allow 
shallow ground water to move into the well to have a better estimate of nitrate concentration in 
the soil water matrix. A peristaltic electric pump was used to drain the wells. After an hour, a 
hand pump was used to collect the final water samples needed for the water quality analysis. The 
water samples were collected in 125 ml non-acid washed HDPE bottle, and stored in a cooler for 
transport to the laboratory. 
All water samples were processed in the laboratory the same day as collection, or no later 
than 24 hours after collection. Samples were filtered (Whatman
®
 0.45 µm mixed cellulose) and 
analyzed for nitrate using a Dionex DX-120 ion chromatography unit with detection limits of 0.1 
mg N L
-1
. 
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RESULTS 
Weather 
 Precipitation ranged from 698 to 1002 mm from 2008 to 2013 (Table 3), with a six water 
year average annual precipitation of 795 mm (Fig. 6). During the three-year drainage 
management study the annual precipitation on a water year basis was 698, 720, and 715 mm, for 
2011, 2012 and 2013, respectively; which were relatively similar to each other. However, when 
observing the distribution of the monthly precipitation from January to June when DWM was 
applied, 2012 received only 50 mm of precipitation, which is 65% less compared to the six-year 
monthly average precipitation for this period. August to October precipitation in 2012 was 
enough so that on an annual basis the precipitation was similar to that in 2011 and 2013. 
The six-year monthly average minimum and maximum temperatures ranged from -8.8 °C 
to 29.7 °C, for January to July, respectively (Table 4). This period of monthly average 
temperatures was examined because is during these months when most of the water sampling 
and DWM monitoring were conducted. All six years had a relatively lower six months average 
temperature than the six-year average temperature; the exception was in 2012 when there were 
higher temperatures from January to July compared to the six-year monthly average maximum 
temperature. 
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Table 3. Total annual (water year basis) and monthly precipitation and six year average 
precipitation at the study site.  
Month  Average (mm) 2008 2009 2010 2011 2012 2013 
Jan 50 62 16 37 16 99 70 
Feb 63 132 54 21 66 25 78 
Mar 40 52 32 87 24 16 29 
Apr 99 47 162 62 166 60 94 
May 89 118 64 88 84 79 104 
Jun 118 174 109 216 64 22 125 
Jul 60 171 28 54 36 60 10 
Aug 46 10 140 35 2 80 12 
Sep 24 1 8 34 57 34 13 
Oct 87 69 191 13 42 115 95 
Nov 62 24 87 105 128 7 22 
Dec 71 134 91 67 75 58 
 
Water year  795 789 839 1002 698 720 715 
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Table 4. Maximum and minimum monthly temperatures from 2008 to 2013. All units are 
o
C 
 
 
 
 
 
Six year 
average 
2008 2009 2010 2011 2012 2013 
Month Min Max Min Max Min Max Min Max Min Max Min Max Min Max 
Jan -8.8 0.7 -8.8 1.7 -12.3 -1.5 -9.6 -2.6 -10.2 -2.1 -5.1 5.8 -7.1 3.2 
Feb -5.9 3.0 -8.1 0.6 -6.0 4.4 -8.3 -0.9 -5.2 3.7 -3.0 7.1 -4.8 3.4 
Mar 0.7 12.4 -1.5 8.7 0.4 13.4 1.0 13.6 0.6 11.4 6.6 20.9 -2.6 6.2 
Apr 5.6 18.5 4.7 17.2 4.7 16.3 7.2 21.5 6.1 18.4 5.6 19.8 5.3 17.7 
May 11.4 24.1 8.7 21.0 10.1 23.5 12.1 24.7 11.9 23.9 12.9 27.6 12.5 24.1 
Jun 16.6 28.8 15.6 29.3 17.0 27.8 17.0 29.0 17.7 28.8 16.0 30.0 16.6 28.0 
Jul 17.7 29.7 13.8 28.9 15.3 26.0 19.7 30.7 20.6 32.1 19.6 33.9 17.3 26.8 
Aug 16.0 29.0 15.2 27.6 14.3 26.3 18.5 31.2 16.4 30.4 15.5 29.5 
  Sept 10.6 24.3 6.9 24.5 13.3 23.8 11.5 26.4 10.2 22.6 11.0 24.3 
  Oct 4.8 18.4 5.6 19.5 5.0 14.9 4.6 20.9 4.2 20.2 4.7 16.5 
  Nov 0.5 11.1 -1.1 8.2 2.4 12.5 -1.2 12.0 2.3 11.5 -0.2 11.3 
  Dec -5.9 2.5 -8.1 1.5 -7.3 0.5 -9.5 -1.0 -2.1 6.2 -2.4 5.3     
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River and Tile Flow 
Daily discharge from 2008 to 2013 was obtained from the USGS gage station near St. 
Joseph, Illinois, the outlet of the watershed (Fig. 6). The river had a typical flow pattern for 
streams of the Midwest that are tile-drained and in agricultural production. Peak flows were 
observed during the winter-spring months when soils were saturated and there was little 
evapotranspiration, so that precipitation events caused a rapid flow response. The highest daily 
peak flow observed was 12,500 m
3
 on February 6, 2008. During summer periods, tiles stopped 
flowing and most of the stream base flow came from the discharge of treated waste waters from 
the Rantoul urban area. The lowest daily peak flow was recorded on August 12, 2012 with only 2 
m
3 
(Fig. 6). The annual flow for the watershed ranged from 53 to 8.7 cm of runoff for 2008 and 
2012 respectively; with a six-year average total flow of 38 cm of runoff. 
Monthly tile flow varied among years, which was due to different precipitation patterns 
and amounts as well as temperature and drainage management (Fig. 7). The NT and ST showed 
the same seasonal flow discharge pattern as the Upper Salt Fork River, which allowed a 
comparison of the efficiency of DWM to reduce flow versus FD management during the study 
period. At the beginning of the experiment when both tiles were not managed and flowed freely, 
the flow discharge was proportional to their drainage area, in other words, the NT outflow was 
2.1 times the ST. Therefore NT showed higher peak flow than the ST.  
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Figure 6. Precipitation, daily and total annual flow for the Upper Salt Fork River. 
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During 2011, the DWM and FD outlet levels were set at 55 and 120 cm from the soil 
surface, respectively (Fig. 7). The water table level was not increased as expected in the DWM 
tile, which was an average of 100 cm from the soil surface. Even after receiving 33 mm of 
precipitation during three rain events, the water level was not maintained. To the contrary, the 
FD tile had base flow at 96 cm from the soil surface. The tile flow from the DWM and FD tile 
were 1,338 and 25,960 m
3
, respectively during the DWM time period; when adding both tiles 
together, the total flow for the entire field was 27,298 m
3
. In terms of the total flow proportion, 
5% and 95% of the total flow was discharged through the DWM and FD tiles, respectively. We 
were not able to estimate any flow reduction during this DWM period, because the reference tile 
(Tile A) was only used in 2012 and 2013. (Fig.7).  
Similar water table management was done in 2012 except that DWM was applied to the 
NT and FD on the ST, the reverse of 2011. The outlets levels were set at 40 and 120 cm from the 
soil surface for the DWM and FD fields, respectively. The water level in the DWM tile was an 
average of 70 cm from the soil surface and water was held back in the field during the entire 
study period, except for a rain event that occurred on March 4
th
, which was the only flow event 
observed during DWM and that occurred only at this site. On the FD field, the water level was 
always above the outlet level, which resulted in constant outflow (Fig. 7). This event occurred 
only in the study site and we were not able to relate it to Tile A. During the DWM study period 
the FD and DWM had a total flow of 13,170 and 1,403 m
3
,
 
respectively, with a total flow of 
14,574 m
3 
from the entire field. The tile flow proportion was similar to the 2011 flow, in which 
90% of the field total flow exited through the FD and only 10% from the DWM tile (Fig 8).  
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Figure 7. Outlet and water levels above tile invert in control structures from the North Tile and 
South Tile, during drainage water management and free drainage study periods. 
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Figure 8. North Tile and South Tile flow during DWM, from 2011 through 2013. 
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The increase of the base flow on the FD tile system during 2011 and 2012 suggested that 
the held back water flowed from the DWM tile system to the FD tile system. This can be 
observed during Jan. 26-29 that corresponds to a period when the outlet level was raised at the 
NT to begin DWM, and within six hours the FD tile showed an increase in base flow (Fig. 9). 
Also, some of the held back water was lost after lowering the outlet level in the NT and the base 
flow from the FD was reduced almost to zero, as shown in the April 5-7 flow (Fig. 9). 
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Figure 9. Water table depth and tile flow observed before and after the application of DWM. The 
dashed line represents the time when the outlet was raised or lowered. 
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In 2013, the drainage management followed an experimental approach in that both outlets 
were raised or lowered at the same time (Fig. 7). This approach was used to observe the 
performance of DWM at a larger scale. At the beginning of tile flow in 2013 both outlet levels 
were set at 120 cm from soil surface that corresponded to their tile base flow height. During this 
short period of observation, the NT had higher peak flows than the ST following rain events. 
This was expected given that the flow was proportional to each drainage area. When the outlet 
levels were raised to 75 cm from the soil surface, water level increased to 60 and 84 cm from the 
soil surface for the NT and ST, respectively. Both tiles held water in the field, but the ST had a 
greater flow reduction compared to the NT. However, during March 14 to 21, 2013 when the 
outlets levels were lowered to 120 cm from soil surface, the water that was retained in the field 
was released lowering the outlet water table to the base flow level (Fig. 7).  
The outlet levels were raised again at 75 cm from soil surface on March 21, 2013 and the 
same flow pattern was evident as when the outlets were raised for the first time. The flows were 
reduced, water was backed up in the field, and the water table increased. Overall, when the outlet 
level was set at this depth, the NT always had higher water levels than the ST. The total flow 
from the entire field during the DWM period was 39,529 m
3
, with 30,824 and 8,705 m
3
 from the 
NT and ST, respectively. These flow corresponded to the periods when the tiles were managed 
as FD and DWM because as was observed during 2011 and 2012, the water balance for the entire 
field is the best estimation to determine if there was a flow reduction (Fig.8).  
In terms of the annual total flow, during 2011 the ST and NT were 82,249 and 33,099 m
3
 
respectively (Fig. 10), with a total flow of 115,348 m
3
 from the entire field. The total annual 
subsurface runoff from each tile system was 35.6 cm and 30.3 cm, for the NT and ST 
respectively. In 2012 the total annual flow from the NT and ST were 17,472 and 27,428 m
3
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respectively; generating a total flow of 37,900 m
3
 from the entire field (Fig 10). In terms of 
subsurface runoff the NT and ST generated 7.6 and 18.7 cm, respectively. This showed that 
DWM was effective in reducing tile flow, however when comparing the annual tile flow from 
both tiles with Tile A, we observed that the total tile flow was 11.7% greater than the prediction 
(Fig. 11). This increase could be due to the rain event observed in March 4
th
 that occurred only at 
the study site, not at the reference Tile A field. In addition, the absolute amount of increased flow 
was relatively small, and could have been due to experimental error. The total annual flow from 
both tiles in 2013 was 103,237 and 43,217 m
3
, for the NT and ST, respectively (Fig. 10). In 
terms of the subsurface runoff by drainage area, the NT and ST generated 44.8 and 39.6 cm of 
runoff, respectively (Fig.10). There was a 9.9% flow reduction when compared to Tile A (Fig. 
11)  
Wells 
All well water table levels were related to the tile invert from the Agri Drain structures as 
a reference. Because the tile outlets were monitored by automated pressure transducers this also 
allowed a comparison of the well manual water level measurements with the outlet water levels. 
During 2012, the water table level was relatively constant within each well along the field. The 
first set of wells that were placed closer to the road had an average water table level of 50 cm 
above the tile invert from the Agri Drain structures. On the ST, only W1 had a higher water level 
compared to the rest of the wells at 0 m line, because it was located at a relatively higher position 
(Fig. 12). In the NT, wells W4 and W5 that were located within 25 m of the control structure and 
these tiles had the same water level response to the fluctuation of the NT water level (Fig. 13).  
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Figure 10. North Tile and South Tile annual total flow from 2011 through 2013. 
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Figure 11. Measured and predicted total annual flow from the 34 ha study site when compared to 
Tile A. 
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For the line of wells at 60 m from the road, water levels were constant during the entire 
period. However, the water table level decreased in wells as they were closer to the ST outlet. 
This reflected the efficiency of subsurface tiles in draining that side of the field. In the NT field, 
the water level in the wells was again constant and ranged from 76 to 111 cm above the tile 
invert from the Agri Drain structure (Fig. 12). On the NT, only W13 had a similar water level 
fluctuation as the NT outlet before and after DWM. This well is located perpendicular in 
direction to the control structure, which could be the reason for the similar water level response 
(Fig. 13). In the 120 m line of wells the water table levels were also constant; the wells did not 
show any influence of DWM. The only well that had a different water level during the study was 
W19, which was located uphill on the south side of the field. When observing the water table of 
all of the wells by tile drainage system, the water table level was higher uphill producing more 
head water pressure to the lowest areas where the structures are located. Also, this could explain 
the decrease in the water level through time.  
The deep wells were installed at a 60 m distance from the road and had a water table level 
that ranged from 64 to 135 cm above the tile invert of the Agri Drain structures. W17 had the 
highest water level during the entire study period, but all the deep wells showed a decrease in 
their water table level through time. However, W9 and W11 had a water table level similar to the 
NT, at 70 cm from the tile invert, which could be the reason for the constant water table at the 
NT. 
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Figure 12. Water table levels in 2012 from South Tile and wells located at 0, 60, and 120 m line 
from the road. The water level is relative to the bottom of the tile invert.    
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Figure 13. Water table levels in 2012 from North Tile and wells located at 0, 60, and 120 m line 
from the road. The water level is relative to the bottom of the tile invert.  
42 
 
During 2013 the wells had greater variability in water table levels compared to the 2012 
year (Figs. 14 and 15). The wells located at the 0 and 60 m line from the road had a similar water 
level increase and decrease compared to their respective outlets, especially the two wells located 
at 25 m on each side of the control structures. At the 60 m line, W14 and W18 that were 
instrumented with pressure transducers and were located perpendicularly to the ST and NT 
respectively. The results showed that these wells had a positive relationship to the increase and 
decrease of the water level at the Agri Drain structures, particularly after rain events (Fig. 16). In 
both tile systems the water level decreased from a southerly to northerly direction. This likely 
was because of the overall topography of the field and that both outlets were managed at the 
same level and more precipitation events occurred during spring. 
The wells located 120 m from the road had higher water levels than their respective 
outlets. However, they had similar water levels. W24 had a higher water level; this could be due 
to it being located at a higher elevation with respect to the rest of the wells. The deep well water 
levels were different that the wells located next to them. For example, the water level of wells 
W13, W17 and W19 decreased on February 9
th
 2013, whereas W15 increased. This was likely 
due to the liquefaction of the soil due to the increase in the water table, which allowed fine soil 
particles to be suspended in the water column. Because of the amount of suspended particles in 
the water, no water samples could be collected in wells W13 and W15. Wells located on the 
other side of the road had lower water levels compared to the NT and ST outlets. However, they 
showed a similar water level response as the outlet (Fig. 17). 
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Figure 14. Water table levels in 2013 from South Tile and wells located at 0, 60, and 120 m line 
from the road. The water level is relative to the bottom of the tile invert. 
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Figure 15. Water table levels in 2013 from North Tile and wells located at 0, 60, and 120 m line 
from the road. The water level is relative to the bottom of the tile invert.
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Figure 16. Water table depth from the outlets and two wells located at the 60 m line during 2013. The water level is relative to the 
bottom of the tile invert.
46 
 
Other side of road
Jan  Feb  Mar  Apr  May  Jun  
0
20
40
60
80
100
120
ST 
NT 
W1 
W2 
W3 
Deep wells 2013
W
a
te
r 
h
e
ig
h
t 
(c
m
)
-20
0
20
40
60
80
100
120
ST 
NT 
W13 
W15 
W17 
W19 
Deep wells 2012
Jan  Feb  Mar  Apr  May  
0
20
40
60
80
100
120
140
160
ST 
NT 
W9 
W11 
W15 
W17 
 
Figure 17. Water table levels in 2012 and 2013 from South Tile and North Tile deep wells and 
wells at the other side of the road. The water level is relative to the bottom of the tile invert. 
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Water Chemistry  
During the 6-years of nutrient monitoring more than 290 water samples were collected 
from the Upper Salt Fork River at the USGS gage station near Saint Joseph, IL. The stream 
nitrate concentrations showed a typical seasonal variation during the year, with highest nitrate 
concentrations observed during the winter-spring season when most of the tile flow and 
precipitation occurred (Fig. 18). The greatest nitrate concentration measured in the water samples 
was 14.3 mg N L
-1
 on June 1, 2013 following 45 mm of precipitation. The lowest nitrate 
concentrations were observed during summer periods after tile flow had stopped. During the 
summer nitrate concentrations were below the detection limit of 0.1 mg N L
-1
. The overall nitrate
 
flow weighted mean concentration for the 6-year monitoring was 6.1 mg N L
-1
. 
A total of 4,777 Mg nitrate-N yr
-1
 were exported from the Upper Salt Fork River 
watershed during the 6-years of nutrient monitoring. The water years of 2009 and 2013 
contributed the largest nitrate loads to the streams, accounting for 22 and 21% of the 6 year 
nitrate-N load, respectively. On the other hand, during 2012 only 180 Mg N yr
-1
 of nitrate were 
exported. In terms of annual nitrate-N yield, the 6-year average N yield was 22.9 kg N ha
-1
 yr
-1
, 
with the highest N losses in 2009 and 2013, of 30 and 29.5 kg N ha
-1
 yr
-1
, respectively (Fig. 19). 
Due to the severe drought that affected the watershed in 2012, only 5.2 kg N ha
-1
 yr
-1 
of nitrate 
was exported. 
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Figure 18. Upper Salt Fork River precipitation, nitrate concentration, and daily flow. 
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Figure 19. Total annual nitrate yield of the upper Salt Fork River at St. Joseph from 2008 
through 2013. 
 
  
50 
 
A total of 280 water samples were collected from the NT and ST during December 2010 
through November 2013. Tile nitrate concentrations ranged from 0.9 to 14.4 mg N L
-1
, with a 
three-year average concentrations of 8.1 and 9.0 mg N L
-1
 for the NT and ST, respectively (Fig. 
20). In 2011 and 2013 under corn production tile nitrate concentrations increased during the 
spring, with greatest concentrations in May/June of each year. In 2012 tile nitrate concentrations 
changed little during winter/spring. The ST and NT tiles had similar concentration patterns 
during the three-year study, although the annual flow weighted mean nitrate concentration was 
greater in ST compared to the NT.  
In terms of annual nitrate yields in 2011 the NT and ST lost 34.8 and 31.9 kg N ha
-1
, 
respectively. The average nitrate yield from the field was 34 kg N ha
-1 
that is above the 31.6 kg N 
ha
-1
 from the Upper Salt Fork Watershed. In 2012, the ST lost 25.8 kg N ha
-1
 compared to the 7.6 
kg N ha
-1
 from the NT, with an average of 13.1 kg N ha
-1
 for the entire field, whereas the upper 
Salt Fork watershed yield for the year was 5.2 kg N ha
-1
. Finally in 2013, the annual nitrate 
yields were 31.8 and 31.6 kg N ha
-1
 for the NT and ST, respectively, with an average nitrate 
yield of 43 kg N ha
-1
, greater than the 27.4 kg N ha
-1 
from the Upper Salt Fork watershed (Fig. 
21). 
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Figure 20. Daily tile flow, nitrate concentration and monthly precipitation from 2010 to 2013. 
Vertical lines represent the periods under drainage water management. Horizontal line represents 
the maximum contaminant level for nitrate. 
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Figure 21. Total nitrate yield from the Upper Salt Fork River, North Tile and South Tile from 
2011 through 2013. 
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In 2012, twenty-six wells were installed to monitor water table levels and nutrient 
concentrations. Well nitrate concentrations for the entire field ranged from 2.8 to 14.7 mg N L
-1
, 
with an average overall well nitrate concentration of 9.5 mg N L
-1
 (Fig. 22). Nitrate 
concentrations were lower in the NT compared to the ST (9.1 and 11.6 mg N L
-1
, respectively). 
Well nitrate concentrations were analyzed based on their location in the field with respect to their 
proximity to their outlets. The wells located in the third row (120 m from the road) had relatively 
lower mean nitrate concentrations compared to the wells located at 0 and 60 m. On the other 
hand, NT wells located closer to the DWM outlet had lower mean nitrate concentration followed 
by the 60 and 120 m rows, respectively (Fig. 22).  
Water samples collected from the deep wells showed more variability in their nitrate 
concentrations, where concentrations ranged from 0.1 to 12.7 mg N L
-1
. When observing the 
individual nitrate concentrations from each well, the two deep wells located at the extremes of 
the four wells had the highest and lowest mean nitrate concentration through time, with 
concentrations of 9.2 and 0.2 mg N L-1, respectively. This observation was consistent after the 
third week of the study through the final sampling. 
In 2013 the wells were monitored from January 29 through April 7, and nitrate 
concentrations ranged from 0.1 to 21.8 mg N L
-1
, with an average concentration of 6.4 mg N L
-1
 
(Fig. 23). The NT wells had a lower mean nitrate concentration compared to the ST wells, with 
concentrations of 5.7 and 7.1 mg N L
-1
, respectively (Fig. 24). During the sampling period the 
nitrate concentrations of the wells were not significantly different, but both tiles systems showed 
the same changes in their well nitrate concentrations. 
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Wells located in the first row of the field had a mean nitrate concentration of 1.6 and 4.1 
mg N L
-1
, from the NT and ST, respectively (Fig. 23). The 60 and 120 m wells had an unusual 
change in nitrate concentrations through time, where the 60 m line in NT had greater nitrate 
concentrations than the 60 m line of the ST system. This was due to well W20 that had a mean 
nitrate concentration of 16.8 mg N L
-1
, which was considered a nitrate hot spot in the field. On 
the other hand, the ST showed a similar mean nitrate concentration distribution as the NT in 
2012, in which the nitrate concentration decreased closer to the outlet. In 2013 three shallow 
wells were installed on the other side of the road from the outlet structures. Their nitrate 
concentrations ranged from 0.1 to 1.2 mg N L
-1
, with a mean nitrate concentration of 0.5 mg N L
-
1
. These wells showed a decrease in their average nitrate concentration through time, from 0.7 to 
0.1 mg N L
-1
. They did not seem to be affected by seepage water from the tile systems, and their 
low concentrations could reflect the grass border (that did not receive N fertilizer) along the road 
that they were placed in. In addition, the road could have been a barrier to shallow groundwater 
movement from the DWM fields (Fig. 24). 
 Sampling of the deep wells in 2013 was complicated due to the liquefied soil conditions 
observed when the field had a high water table. In fact, only two out of the four deep wells had 
water samples collected, both in the NT field. These wells had a mean nitrate concentration of 
0.3 mg N L
-1
. This low nitrate concentration level was constant throughout the 2013 monitoring 
period. 
 
55 
 
 
Figure 22. Mean well nitrate-N (mg N L
-1
) concentrations in 2012.
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Figure 23. Mean well nitrate-N (mg N L
-1
) concentrations in 2013. 
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Figure 24. Average nitrate concentrations with standard errors in wells by tile system during 2012 and 2013 (top figures). Well nitrate 
concentrations at the other side of the road, and at 0, 60, 120 m lines from the road during 2012 and 2013 (bottom figures).
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DISCUSSION 
The main goal of applying Drainage Water Management is to reduce subsurface drain 
flow and nutrient loads to freshwater systems during winter and spring (non-growing season 
losses) from agricultural fields (Skaggs et al., 2012). These reductions are accomplished by 
managing the outlet level in tile control structures, in order to increase the water table level in the 
field. The fate of the held back water and nitrate is then hopefully to undergo denitrification due 
to anaerobic conditions either in the field or along a lateral (or other subsurface) flow path. The 
performance of DWM has been studied in the US, Canada, and Europe under different climatic 
regimes, agronomic management, and soil types. The purpose of these studies had been to 
determine if DWM is a technique that could be applied to reduce tile export of water and nitrate 
as well as improve crop yields (Skaggs et al., 2012). However, most studies to date have 
typically been performed on small fields by using the paired watershed approach (comparing 
tiles under DWM with those freely draining (FD), and the benefit estimated by difference) 
(Skaggs et al., 2012). However, the fate of the water and nitrate that is held back in the field 
remains a major research question to determine watershed scale responses if there was 
widespread adoption of the DWM technique.  
During the six-years of nutrient monitoring on the Upper Salt Fork watershed seasonal 
precipitation and temperature patterns were the main driving factors that defined many of the 
results obtained. The flow and nutrient load from the tile drainage systems and overall riverine 
nitrate loss were controlled primarily by weather and crop growth. Most of the tile flow observed 
each year occurred during the winter-spring seasons when soils were saturated and large 
precipitation events caused rapid discharge. During the summer tile flow stopped and stream 
flow was reduced to base flow due to high temperatures and evapotranspiration by the crops 
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(Jaynes, 2012). These tile flow seasonal patterns explained the hydrological patterns observed in 
the Upper Salt Fork River. 
The most remarkable year was 2012, which was characterized for being one of the ten 
warmest years on record (Blunden and Arnet, 2013). Also, from the months of January to June 
this area received 35% less precipitation compared to the six-year average. This lack of 
precipitation and high temperatures directly affected the Upper Salt Fork watershed hydrology in 
that the lowest annual mean daily flow discharge was reported since 1963 (USGS, 2013). Also, 
the 2012 flow for the six-months was reduced to only 30,036 m
3
, which is one-fourth of the 10 
year average. These results indicate the severity of the 2012 drought and its effect on the local 
hydrology. 
During 2011 and 2012 when the paired watershed approach was applied, flow was 
reduced from the tile under DWM compared to the FD tile. During 2011, the water table level in 
the field was not increased or maintained during the application of DWM. However, tile flow 
from the DWM field was reduced by 27% when compared to the predicted flow based on 
drainage area. These results agree with those reported in the literature, in which tile flow is 
clearly reduced in the tile under DWM compared to the FD tile (e.g., Skaggs et al., 2010; Evans 
et al., 1995). These observations were also reported by Cooke and Verma (2012) where they 
reported a tile flow reduction of 44% compared to the FD field; however, the water table was not 
increased on the DWM tile, and lateral seepage from the DWM to the FD was attributed to be 
the main flow path. Similarly, Drury et al. (2009) reported a 29% tile flow reduction during 
DWM with a total annual flow reduction of 11%. However, their results were obtained from 
small plots of 15 x 67 m that were isolated with plastic sheets to prevent lateral seepage, but in 
this case deep percolation was determined to be the fate of the held back water. In our study, 
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nitrate yields from the DWM and FD fields were proportional to tile flow. In 2011 the combined 
subsurface runoff from both tile drainage systems was 34 cm, with an average nitrate loss of 33.9 
kg N ha
-1
. This was similar to the 31.6 cm of runoff and 25 kg N ha
-1 
from the entire Upper Salt 
Fork Watershed. 
During 2012, the water table level was increased and maintained in the DWM field 
during the study period. Similar to the 2011 study, only 10% of the total flow left the field 
through the DWM tile when compared to the FD tile. Despite the tile flow reduction and water 
held back in the field, DWM was only able to influence approximately 2 of the 23 ha from the 
NT system based on well depths. This area of influence was determined by comparing the 
response of the well water levels to the outlet water level, which corresponded to the three wells 
located within 100 m from the DWM outlet. However, when comparing the annual tile flow 
from the study site to the Tile A (reference tile), we found an 11.7 % flow increase even when 
tile flow was reduced in one of the tiles. 
 As observed in 2011 and as well as 2012, the held back water flowed from the DWM tile 
system to the FD tile system. This suggests that lateral seepage occurred after raising the outlet 
level at the DWM tiles during both years. Some of that water was also lost after lowering the 
outlet level in the DWM tile as the base flow from the FD was reduced within hours. Similarly to 
the 2011 results, nitrate yields were proportional to subsurface flows. During 2012, tile nitrate 
yield was 13.5 kg N ha
-1
 from 13 cm of subsurface runoff from both tiles combined. This was 
much greater than the 5.2 kg N ha
-1 
average nitrate loss and 8.7 cm of runoff from the Upper Salt 
Fork River Watershed. 
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Due to the observation of lateral seepage observed in 2011 and 2012 between the ST and 
NT tile systems, in 2013 DWM was applied to the entire field (34 ha in total). This represents the 
first study reported in a field with an area larger than 16 ha (Gilliam et al., 1979; Cooke and 
Verma, 2012; Skaggs et al., 2012). During the DWM period there was substantial precipitation 
that increased and kept the water table to a constant level of 70 cm from the soil surface in both 
tile systems. In 2013 when managing both tiles under DWM, the area of influence was about 6 
ha; this is much larger than when only one tile was raised in 2011 or 2012. During 2013, DWM 
influenced the increase and decrease of the water level of the wells located along both the 0 and 
60 m lines from the road. The wells responded quickly after rain events to the different levels the 
outlets were set during the experiment. The wells along the 0 m line that were located at the 
lowest areas of the field closer to the control structures and the main tile lines had the greatest 
response. The two wells located perpendicularly at 60 m from the outlets showed that the 
application of DWM to both tile systems was a good way to hold the water in the field. However, 
the high water table conditions also generated ponding and surface runoff during high 
precipitation events, especially in the lower areas of the field where the flow control structures 
were located. This ponding may also have led to dilution of shallow well nitrate concentrations 
in the 0 m line. Ehmke (2013) explained that this particular situation can occur because most 
farmers install tile mains in lowest elevation areas of the field, and the subsurface lateral tiles 
towards the same direction of the slopes. This reduces the capability to push the water back to 
the field, due to the water head pressure from the higher elevations to the lowest areas. This 
could explain why some of the held back water retained by the DWM tile flowed laterally 
through the FD tile. 
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In 2013, most of the held back water was measured in tile flow after lowering the outlet 
levels on April 17 for the final time, although we estimated that 9.9% of the water was not 
measured in tile flow. This water may have been lost from the field due to lateral seepage, given 
that both tiles were raised. With both tiles combined, the nitrate loss was 31.6 kg N ha
-1
 from 43 
cm of subsurface runoff from the overall field. This flow and yield were similar compared to the 
29.5 kg N ha
-1
 and 42 cm of runoff from the Upper Salt Fork Watershed. During the three year 
study of the DWM, the held back water was mostly lost after lowering the outlet level in the 
DWM field, and this could explain the similar results when compared to the average nutrient 
loads and runoff generated by the watershed. Also, during the three years the annual nitrate yield 
and annual flow-weighted mean nitrate concentrations were consistently greater than the 
watershed average. This could be due to the specific crop management and soils in this no-till 
field compared with the overall watershed, as well as the effect of nitrate dilution and reduction 
on its way downstream. Overall, no reductions in the nitrate concentration were observed in the 
tile water after the drainage management period was completed. 
The nitrate concentrations collected from both tile outlets had two different patterns 
during the three years of monitoring. During 2010 and 2012 when corn was grown and N 
fertilizer was side dressed at the recommended N rate of 180 kg N ha
-1
 in late April/early May of 
each year. There was a steady increase in tile nitrate concentrations from winter through early 
spring during the next year, followed by decreasing concentrations in late spring. In 2011 when 
soybean was grown the nitrate concentration changed little during the tile flow period of 2012, 
with concentrations steady at about 10 mg N L
-1
. Unusual conditions likely occurred during the 
fall of 2012 following the severe drought, when storm events led to low nitrate concentrations (as 
low as 1 mg N L
-1
) in September and October tile flow. It is possible that soil fissures and cracks 
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due to the drought led to rainwater passing directly through the soil into the tile lines, with little 
contact with the soil matrix. This variability among years and crops could be due to the 
application of N fertilizer and residual soil nitrate after corn combined with precipitation and 
temperature patterns (Jaynes and Colvin, 2006).  
The constant and slightly higher nitrate concentrations observed in the ST compared to 
the NT could be related to the topography, principally to the slope position and distance from the 
water table level. Geyner et al. (1992) suggested that the bottom slope position has higher 
denitrification potential due to being closer to the water table level. Also, high water table 
conditions during the year combined with restrictive layers of fine soil particles could increase 
this potential. Both of these factors were observed in the field, in which the NT is located in a 
lower elevation than the ST and has a silty-clay layer at 3 m from the soil surface which is below 
the tile lines. This could act as the restrictive layer reducing deep percolation and facilitate the 
lateral seepage.  
Tile water quality samples during the three year sampling period demonstrated that 
DWM and the increase in the water table level of the field had no measureable effect in the 
reduction of nitrate concentrations. Some shallow wells had higher nitrate concentrations 
compared to most of the wells, possibly due to hot spots of nitrate that was not taken up by the 
crops leading to greater concentrations in the field. Another observation that confirms that nitrate 
had a lateral seepage pathway was that even when the well nitrate concentrations varied across 
the field, the nitrate concentrations decreased following the direction of the lateral tiles toward 
the outlets, where the water table was higher. Therefore, when taking the average nitrate 
concentration from each of the wells, the nitrate concentration is similar to the observed 
concentration at the tile outlet. Similar findings were reported by Dukes et al. (2003), who 
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suggested that the mixing of shallow water could have some effect on the nitrate concentration in 
the field, and that there was no direct relation between water table depth and reductions in nitrate 
concentrations.  
Besides all these possible pathways followed by the held back water and nitrate, there 
was no direct evidence that denitrification reduced nitrate concentrations with the application of 
DWM, even after maintaining a high water level. Some nitrate could be reduced via 
denitrification, but the proportion of nitrate reduced might not be important on an annual basis 
(Woli et al., 2010), because soil temperatures are low during winter/early spring and high 
precipitation produces constant tile flow, which reduces the nitrate residence time in the field. 
However, the nitrate concentrations were found to be more dependent on the inputs and seasonal 
hydrology of the area (Baker et al., 1981). Dinnes et al. (2002) pointed out that in order to reduce 
nitrate via denitrification, DWM should be applied during the summer season when temperatures 
are high, but the increase in the water table level could reduce crop yields. This was in agreement 
with the decrease in nitrate concentrations observed over time (Moore and Peterson, 2007).  
This study was conducted in a field that meets most of the requirements for the 
establishment of DWM as a technique to reduce nitrate losses and improve water quality. The 
farm had a flat topography with slopes less than 2%; poorly drained soils that could induce high 
denitrification rates after the increase of the water residence time in the field; no tillage practices 
under corn-soybean with the recommended N application rate for central Illinois corn 
production. However, after three years of DWM during the non-growing season, no reduction in 
nitrate loads was found due to lateral seepage of the held back water in the field. This brings new 
questions about how this technique could improve water quality in existing tile drainage systems. 
Strock et al. (2010) suggested that the DWM efficiency depends on the correct drainage design 
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that can be in concordance to the soil type and topography of the field, in order to obtain better 
results. Also, the redesign of the subsurface tile drainage systems plus the application of control 
structures could improve the efficiency of DWM in retrofitting and holding the water in the field 
in order to reduce nitrate losses from agricultural fields, especially in the Midwest area (Ehmke, 
2013). 
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CONCLUSIONS 
Precipitation and temperature patterns were the major factors that defined the 
hydrological and nitrate concentrations observed in the tiles and in the upper Salt Fork River. 
Peak flows occurred during winter and spring, the non-growing season when most of the nitrate 
is typically lost to the streams. These nutrient loads were proportional to the amount of flow 
generated during the year.  
The application of DWM on poorly drained soils was shown to be efficient in increasing 
the water table level and holding the water back in the field, which also reduced tile flow. 
However, the efficiency of DWM was reduced by topographic conditions, soil type, and drainage 
design. The retention of water generated lateral seepage from the DWM tile to the FD tile; this 
was considered the main flow path followed by the held back water. During the three years of the 
study, with one or both of the tile outlets raised, the overall amount of flow was likely not greatly 
reduced, and was similar to the flow in the overall upper Salt fork Watershed. 
 Nitrate concentration reductions were not observed in tile water during the application of 
DWM, likely due to low temperatures and rapid lateral movement of water from the DWM tile 
system to the FD system. Also, even after opening the outlets, the nitrate concentration remained 
at the same concentration observed prior to raising the water table. The nitrate losses from the 
field were similar to the nitrate losses from the Upper Salt Fork River Watershed, and when 
combined with no reduction in flow there was no evidence of a reduction in the nitrate loss from 
DWM through denitrification.  
The findings observed in this study demonstrated the limitations and challenges in the 
application of DWM to reduce total flow and nitrate loss at field scale on a retrofitted real farm 
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situation. To improve the efficiency of DWM, a contour installation design of the subsurface tile 
drainage should be done in relation to the site topography to reduce the water head pressure in 
direction of the control structures. Also, crop rotation and timing of the fertilizer application 
should be considered as part of the DWM, to reduce nitrate losses from agriculture field. 
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